It is unclear whether a single clone metastasizes and remains dominant over the course of lethal prostate cancer. We describe the clonal architectural heterogeneity at different stages of disease progression by sequencing serial plasma and tumor samples from 16 ERG-positive patients. By characterizing the clonality of commonly occurring deletions at 21q22, 8p21, and 10q23, we identified multiple independent clones in metastatic disease that are differentially represented in tissue and circulation. To exemplify the clinical utility of our studies, we then showed a temporal association between clinical progression and emergence of androgen receptor (AR) mutations activated by glucocorticoids in about 20% of patients progressing on abiraterone and prednisolone or dexamethasone. Resistant clones showed a complex dynamic with temporal and spatial heterogeneity, suggesting distinct mechanisms of resistance at different sites that emerged and regressed depending on treatment selection pressure. This introduces a management paradigm requiring sequential monitoring of advanced prostate cancer patients with plasma and tumor biopsies to ensure early discontinuation of agents when they become potential disease drivers.
INTRODUCTION
Studies in prostate cancer have suggested paths of tumor evolution inferred from the genomic profiles of tissue specimens from multiple patients (1) or from multiple sites from one individual (2) . Several studies have identified commonly occurring chromosomal rearrangements and copy number losses in tumors before the start of endocrine treatment (3, 4) . These include deletions involving 21q22 [invariably associated with an ERG gene fusion (5, 6)], NKX3.1 on 8p21, and PTEN on 10q23 (4, 7) . A single prostate often contains territorially distinct foci with clonal distribution of 21q22 and 8p21 deletions that putatively occurred early in the development of that clone (1, 8, 9) . Patients diagnosed with prostate cancer demonstrate highly variable clinical behavior, with a large number of tumors not progressing after decades of observation. Tumors are risk-stratified on the basis of clinical and pathological features, but foci with fewer aggressive features than adjacent areas may give rise to distant and lethal metastases (10) . It is therefore unclear whether multiple foci with different genomic patterns at diagnosis metastasize and give rise to the lethal phenotype or a single clone maintains dominance over the course of the disease. Sequential sampling of prostate cancer could shed light on this. However, collection of repeated tumor biopsies is challenging. Moreover, castration-resistant prostate cancer (CRPC) biopsies of one region may not be reflective of other genomically heterogeneous metastases. Tumor DNA circulates in plasma from advanced cancer patients and can be sequentially collected for monitoring of changes in tumor status (11) (12) (13) (14) . The mechanisms underlying entry of tumor DNA into circulation are uncertain, but circulating genomic material may arise from multiple distinct metastases.
Changes in allelic frequency of tumor-specific aberrations relative to total circulating DNA have shown a strong correlation with clinical outcome in several epithelial malignancies (11) . This offers an important opportunity for monitoring the dynamics of common aberrations over the course of lethal prostate cancer. However, because recurrent somatic point mutations (commonly involving SPOP, TP53, and FOXA1) occur in at most 20% of prostate cancers (3, 7) , strategies for copy number estimation are required to broadly allow quantitation of circulating tumor content.
Most metastatic prostate cancer patients respond to castration alone or with first-generation antiandrogens such as bicalutamide. However, CRPC almost invariably develops after a median of about 18 months. Androgen receptor (AR) amplification or mutations are reported after development of castration resistance, but rarely before endocrine treatment, suggesting that treatment resistance can occur secondary to genomic adaptations that maintain AR signaling (7, 15, 16) . The efficacy reported with second-generation endocrine treatments that potently antagonize AR or target androgen synthesis confirms that AR remains a critical driver in a substantial proportion of CRPC patients (17) . There is now an urgent need to identify tumor adaptations that underlie resistance to repeated AR targeting in CRPC. By serially evaluating the clonal evolution of tumor aberrations that commonly occur in prostate cancer ( Fig. 1) , we aimed to establish a strategy for monitoring tumor dynamics and identifying genomic causes of resistance that demonstrate a temporal association with clinical progression.
RESULTS
Strategy for tumor fractionation and copy number estimation by targeted deep sequencing of circulating DNA Taking advantage of strategies developed for estimating tumor purity and lesion hierarchy from whole-genome sequencing (1), we aimed to leverage the genetic information of single individuals at heterozygous single-nucleotide polymorphisms (SNPs), informative SNPs, to computationally determine the fraction of total DNA in circulation that contained common monoallelic deletions (see Supplementary Materials and Methods). We hypothesized that combining this approach with copy number assessments and point mutation detection would allow us to follow tumor content and relative abundance of somatic genomic lesions of genes of interest. Although whole-exome/genome sequencing is feasible on patients with advanced cancer when sufficient tumor DNA is present in circulation (18, 19) , targeted deep-sequencing achieving high coverage with lower input DNA currently allows applicability across a broader range of patients, including men with lower-volume metastatic disease. We therefore designed a custom panel to deep-sequence 38,752 bases at high coverage, with input DNA as low as 6 ng. We included all the coding exons of SPOP, TP53, FOXA1, and PTEN. To detect deletions at 21q22, 8p21, and 10q23, we included at least 50 SNPs with a high variant allele frequency across each region (table S1) .
To calculate the performance of our targeted sequencing and computational approach strategy, we first sequenced plasma from male, agematched healthy volunteers. To measure point mutation detection performances, we generated simulated data for different combinations of allelic fraction, tumor content, and coverage. For 10% allelic fractions, the analyses demonstrated precision (positive predictive value) ≥80% across the majority of coverage ranges in the presence of high tumor content and about 60% for tumor content at 20%. For 20% allelic fractions, precision scored above 95% across all tumor content levels ( fig. S1 ). All false discovery rates were below 1%. A similar strategy was implemented to measure the performance of monoallelic deletion detection. Mean sensitivity and mean specificity around 90 and 83%, respectively, were achieved for percentages of aberrant tumor reads around 10% (for 50 or more informative SNPs and minimum mean coverage of 1000×) ( Fig. 2A) . Mean sensitivity and specificity above 98% were achieved for aberrant tumor reads above 15%. Supplementary Materials and Methods and fig. S2 present the details of this analysis.
Detection of common tumor aberrations in sequential plasma samples from ERG-positive lethal prostate cancer To enrich for metastatic CRPC patients with a common deletion, we selected 16 ERG-positive patients detected by breakapart fluorescence in situ hybridization (FISH) on tumor sections. All 16 patients were treated with the specific CYP17A1 inhibitor abiraterone (20) , and 5 also received the potent antiandrogen enzalutamide (21), both of which are now licensed for the treatment of metastatic CRPC (Table 1 and table S2 ). We used our targeted panel to sequence germ-line DNA from these patients, and 106 sequential plasma samples, CRPC tumor biopsies (n = 14 from 7 patients), and multiple precastration tumor cores (n = 33 from 12 patients, maximum of 4 per patient) obtained at diagnostic transrectal biopsy or prostatectomy (table S3; for read depth  coverage, see table S4 ).
We confirmed detection of deletion at 21q22.2 to 21q22.3 in tumors (precastration or CRPC) from all 16 patients, including 3 patients who showed rearrangement but preservation of the 5′ probe (Fig. 2B) . By sequencing multiple precastration cores, we also detected 8p21 loss involving NKX3.1 and 10q23 loss involving PTEN in 11 of 12 patients (Fig. 2B) . We observed 100% concordance between detection of 21q22 deletion in precastration samples and CRPC plasma (Fig. 2C ). Deletions at 8p21 and 10q23 identified before castration were detected in 90 and 100% of CRPC plasma samples, respectively, and they were found in 90 and 92% of precastration samples, respectively, when detected in CRPC plasma (Fig. 2C) .
We detected point mutations involving TP53 and FOXA1 in precastration samples from 3 of 16 and 1 of 16 patients, respectively ( Fig. 2D and table S5). We used digital droplet polymerase chain reaction (PCR) to validate selected point mutations ( fig. S3 ). Our targeted sequencing strategy allowed us to follow these point mutations over the course of CRPC, and we observed a 100% concordance with detection in CRPC plasma, suggesting that these are early events that remain present in later metastatic clones. We noted deletion of the second TP53 allele in samples with a TP53 mutation, validated by digital droplet PCR ( fig. S4) . We also detected a PTEN point mutation in CRPC plasma from 1 of 16 patients, although the precastration tissue was not available for comparison ( Fig. 2D and table S5 ). We did not detect SPOP mutations, but we observed copy number gain of SPOP in 8 of 47 tumor samples from 7 patients (4 of 33 precastrations and 4 of 14 CRPCs). Further investigation in two independent data sets of CRPC (4, 7) demonstrated nonfocal gains spanning SPOP in about 30% of CRPCs (table S6) .
We used the dominant tumor lesion(s) at each time point to estimate circulating tumor content (table S7) . This explained the high total circulating DNA in most nonresponders, although we observed discordance at progression in a subgroup of responders who had increased total circulating DNA but a relatively low fraction of targeted deletions and mutations (Fig. 2E) . Similarly, we observed that a high circulating tumor cell (CTC) count was associated with high estimated tumor content in most patients (Fig. 2F) .
Dynamics of relative abundance of common tumor deletions Next, we evaluated clonality in multiple cores acquired before initiation of castration, and we detected different combinations of loss of 21q22, 10q23, and 8p21 in the same prostate ( Fig. 3 and table S8 ). FISH and immunohistochemistry studies (8, 22) suggest that this is a result of mixture of both ERG-positive and ERG-negative foci in the same core. To evaluate whether progression after castration and subsequent treatments selected for a single dominant clone, we assessed clonality in patientmatched sequential tumor biopsies and plasma samples. Surprisingly, in several patients, clonality was not conserved after development of metastatic disease, and instead, we observed continuously changing patterns of the relative frequencies of common deletions in sequential plasma samples (Fig. 3) . Furthermore, we saw cases where dominant deletions became subclonal or even undetectable altogether with different treatments and then reemerged at a dominant frequency at a later time point. At multiple time points in plasma and tumors, we detected differences in the relative abundance of deletions that had been previously detected at the same frequency. For example, for patient V4048, deletion of 10q23 was the most abundant deletion in circulation before docetaxel chemotherapy ( Fig. 3 and fig. S5 ). He was subsequently treated with abiraterone, and at the point of maximum biochemical and clinical response, deletions at 21q22 and 10q23 showed equal abundance, whereas 8p21 was subclonally deleted. After a further 112 days of treatment, his serum prostate-specific antigen (PSA) started to rise, and all three deletions were equally subclonal. After another 35 days, when he had confirmed radiological and clinical progression, deletion at 8p21 was the most abundant. Another sample before initiation of cabazitaxel showed equal abundance of 21q22 and 8p21 loss. We also observed a decrease in the fraction of tumor lesions with treatment that is in keeping with data from previous studies in other malignancies (11) . Comparison of synchronously collected plasma DNA and CRPC Cases where no sample was available are identified by "-." (E and F) Tumor content estimated using the dominant lesion compared to circulating total double-strand DNA (E) and CTC count per 7.5 ml of blood (F). Samples collected on or off treatment with abiraterone and from patients who did or did not have a response to abiraterone are distinguished as shown in the figure.
tumor biopsies showed differences in the relative frequencies of deletions (patients V4045 and V5086, identified by surrounding gray border; Fig.  3 ), further supporting the presence of independent tumor clones in distinct metastases that are differentially represented in circulation.
Emergence of functionally active AR mutations in patients receiving exogenous glucocorticoids To evaluate clonal evolution of aberrations that cause treatment resistance and occur later in the disease course, we also sequenced all the coding exons of the AR. We detected mutations only in the ligandbinding domain, in four patients (Fig. 2D) . We observed emergence of an AR-L702H mutant clone in two patients receiving treatment with an exogenous glucocorticoid: in V4012, in plasma while also on treatment with enzalutamide (Fig. 4A) , and in V4045, clonally in a liver metastasis and subclonally in plasma (at a low frequency of 2%) while also receiving abiraterone (table S5) . In V4012, subsequent treatment with abiraterone and prednisolone was associated with primary resistance and a progressive rise in the allelic frequency of the AR-L702H mutation (Fig. 4B) . A substitution of leucine to histidine at position 702 results in increased activation by glucocorticoids in preference to androgens (23) . Because this point mutation emerged when the patient was receiving enzalutamide in combination with a glucocorticoid and because enzalutamide was developed through an iterative process, starting with an androgenic scaffold (21), we hypothesized that an L702H mutation would result in reduced antagonism in the presence of glucocorticoids. We used AR luciferase reporter assays ( fig. S6 ) to confirm that prednisolone activated AR-L702H but not wild-type AR and that activation by prednisolone at ≥100 nM (median serum concentration of prednisolone in patients is 152 nM) was not inhibited by enzalutamide (Fig. 4C) (24) . To confirm that the increasing frequency of this point mutation was not solely an effect of increasing tumor DNA in circulation, we report the allelic fraction corrected for tumor content estimated using dominant lesions (Fig. 4A ). This method identified tumor clones that do not harbor this specific mutation, suggesting other coexistent mechanisms of resistance. In V5074, we detected an AR-H875Y mutation (25% of circulating tumor fraction) at progression after prednisolone alone, but it regressed from circulation after addition of abiraterone and prednisolone, in line with loss of detection of other tumor aberrations. An AR-H875Y mutation was detected in one of three pretreatment cores from this case (table S5), suggesting that selection of preexisting AR point mutations can underlie resistance in some patients. At progression on abiraterone and prednisolone, H875Y and T878A AR mutations were both detected, and these persisted after the next line of treatment with cabazitaxel chemotherapy administered with prednisolone (Fig. 4D) . The temporal and proportion differences suggest that these two mutations emerged separately. They have been previously shown to be activated by glucocorticoids or 21-carbon steroids, such as progesterone (25) , which can remain present at increased levels in patients on abiraterone (20) . AR copy number gain in plasma from CRPC patients After preprocessing the data to maximize the signal-to-noise ratio and normalizing the signal against the patients' matched germ-line data and control genes, we quantitated AR copy number from sequencing data (see Supplementary Materials and Methods). We first confirmed concordance between AR copy number gain estimated by deep-sequencing and digital droplet PCR (Fig. 5A, fig. S3 , and table S9). We then corrected the observed AR copy number in circulating DNA for tumor content, estimated using the dominant genomic aberration (Fig. 5B and table S10 ). As expected, AR copy number gain was detected in only two precastration samples (6%) but in 37 of 106 (35%) and 8 of 14 (57%) of CRPC plasma and tumor samples, respectively. We also observed an association between high copy number of AR in circulation and absence of response to abiraterone (Fig. 5C ).
Spatial and temporal heterogeneity of AR aberrations
In case V5086, we detected an AR-W742C mutation [previously reported to be activated by bicalutamide (16, 26) ] in an enlarging liver metastasis that developed 3 months after addition of bicalutamide to castration for a rising PSA. This mutation occurred at a frequency equivalent to deletions of NKX3.1 and PTEN and an A159D-TP53 mutation. Deletions of NKX3.1 and PTEN and the A159D-TP53 mutation were detected in synchronously collected circulating DNA, but AR was wild type at position 742. Also, in contrast to the liver biopsy, circulating tumor DNA contained AR amplification (Fig. 6 ). This patient was treated with docetaxel chemotherapy, to which he had a response in his liver metastases, and subsequently with abiraterone, to which he did not respond. We sequenced DNA from multiple subsequent plasma samples and also a second biopsy from a recurrent liver metastasis and detected AR amplification but no base substitution at AR position 742, suggesting regression of the W742C-mutant clone. A withdrawal response associated with a decline in PSA is described in about 15% of patients after bicalutamide discontinuation, putatively explained by the presence of AR point mutations such as the W742C mutation described here (27) . A PSA decline was not manifested in this patient possibly because of the concurrent emergence of other clones, including tumor with high AR copy number gain.
DISCUSSION
We describe the presence and dynamics of multiple independent tumor clones in lethal prostate cancer, in some patients characterized by distinctly different and continuously changing proportions of genomic loss at 21q22, 8p21, and 10q23 (Fig. 7A ). An alternative explanation for changes in abundance of deletions over time is gain of the residual allele in the presence of a monoallelic deletion. However, this is very unlikely given the observed diversity, with dominant deletions becoming subclonal and subsequently dominant again. The different combinations of genomic aberrations in plasma DNA suggest that distinct metastases are differentially and dynamically represented in circulation. This is supported by the detection of point mutations in metastases but not circulating tumor DNA and vice versa, as well as differences in clonality of common deletions in these synchronously collected samples. We are unable to differentiate whether the clonal heterogeneity we observe is a result of multiple different foci with distinct cells of origin or clones arising from the same cell in which these genomic aberrations have occurred stochastically. Although there is an association between ERG rearrangement and PTEN deletion (28, 29) , here we identified a higher prevalence of loss of PTEN and NKX3.1 than reported previously. The detection of coexistent clones, each with a different ERG status, is in contrast to previous studies on metastases obtained at rapid autopsy or CTC data that reported 21q deletion in all CRPC bound to luciferase and wild-type AR or AR-L702H were treated as shown. R1881, a synthetic androgen, was used at a concentration of 0.1 nM; enzalutamide was used at 10 mM; and prednisolone was used at 50, 100, and 500 nM. Data are from three independent experiments and represent mean and SD of 21 replicates. *P = 0.05 to 0.01, ***P < 0.001 [one-way analysis of variance (ANOVA) with Bonferroni correction]. Dotted lines represent no difference. (D) Fraction of detected tumor content containing H875Y and T878A AR mutations as a proportion of coexisting genomic aberrations, AR copy number, estimated tumor content, and PSA in sequential samples from patient V5074.
tissue from the same patient (2, 30) . These two findings could be explained by the greater sensitivity achieved by sequential plasma and tumor biopsy next-generation sequencing, although the high prevalence of loss of PTEN and NKX3.1 could also be due to the selection of patients who all developed lethal CRPC.
Our strategy for detecting monoallelic deletions was limited to aberrations occurring at a minimum of about 10% of total circulating DNA. Therefore, no deletions were detected at several time points (Fig. 3) . Improvements in the assay design could achieve a lower threshold and allow detection of deletions in patients with less circulating tumor DNA. Second, evaluation of larger cohorts of patients is now required to more accurately understand the prevalence of our observations and measure the predictive value of genomic lesions in terms of treatment response. Third, underestimation of circulating tumor content is a limitation of targeted sequencing strategies such as ours because of the possible emergence of clones harboring less common genomic aberrations that are not tested for. Sequencing of additional regions, including regions covering genomic aberrations identified in ongoing prospective next-generation sequencing studies of large numbers of CRPC tumor biopsies, will mitigate this risk.
Also, a targeted approach does not efficiently detect new mechanisms of resistance but is designed to confirm clinical associations with putative resistance-causing aberrations. Here, we describe a temporal relationship between the emergence of AR point mutations and clinical progression on abiraterone or enzalutamide in three patients also receiving exogenous glucocorticoids (Fig. 7B) . We confirmed that emergence of the AR-L702H mutation could result in activation of AR signaling that would not be inhibited by enzalutamide. This observation could explain cross-resistance between abiraterone and enzalutamide in some postchemotherapy patients, who commonly continued glucocorticoids with enzalutamide (31) (32) (33) . Additionally, it could have implications for ongoing clinical trials evaluating the combination of enzalutamide, abiraterone, and prednisolone. This scenario introduces the possibility of a patient-management paradigm whereby administration of glucocorticoids ). In particular, 40 of 41 (97%) AR gain calls from target sequencing were confirmed by digital droplet PCR. (B) AR copy number calculated from observed AR copy number and corrected for tumor content. (C) AR copy number state of CRPC plasma samples collected during treatment with abiraterone from responders and nonresponders. Statistical difference between the two distributions was determined by Kruskal-Wallis statistical test (n = 53, P = 0.003). Fig. 6 . Regression of independent clones with treatment-specific resistant aberrations. Top: Fraction of tumor content (TC) containing detected genomic lesions in sequential plasma and tumor samples collected after development of resistance to castration and bicalutamide for patient V5086. Diagonal lines link bar chart representations to time points when respective samples were collected, measured in days from collection of the first sample. Middle: Estimated real AR copy number (CN) status. Bottom: PSA and estimated tumor content as a proportion of total circulating DNA. An AR-W742C mutation was detected on biopsy of a liver metastasis but not in synchronously collected plasma, which showed AR copy number gain. AR-W742C was not detected after progression on docetaxel.
or other agents shown to activate an emergent AR aberration is avoided or replaced by treatment with activity against the mutant clone.
In our five patients who received and progressed on enzalutamide, we did not detect the AR-F876L mutation previously reported in plasma from patients progressing on the antiandrogen ARN-509 (34) and also shown to be activated by enzalutamide (35) . We have also shown evidence, in circulating DNA and tumor biopsies, of regression of independent tumor clones and a clone containing an AR-W742C mutation associated with resistance to bicalutamide. This has implications for interpreting genomic causes of treatment resistance when an intervening treatment has been administered. Our strategy of reporting AR mutations as a proportion of circulating tumor content rather than total circulating DNA allowed us to demonstrate that point mutations are not present in all progressing tumor clones. In some patients, we detected AR copy number gain and point mutations independently in the same patient, suggesting that resistance occurred secondary to activation of AR through independent mechanisms. In conclusion, our study demonstrates the translational relevance of studies on sequential tumor biopsies and circulating DNA as a tool for monitoring complex clone dynamics and genomic causes of treatment resistance in prostate cancer.
MATERIALS AND METHODS

Study design
We aimed to study the dynamics of common genomic aberrations in sequential plasma and tumor samples from ERG-positive CRPC patients who received treatment with abiraterone. Up to 20 ml of blood was collected from each patient at multiple time points, up to a maximum of eight times per year, from development of castration resistance to after discontinuation of abiraterone. Plasma was extracted and frozen within 2 hours. Archived formalin-fixed paraffin-embedded (FFPE) blocks were obtained from pathology archives. FISH to identify ERG-positive patients was performed and scored as described previously (30) . Patients provided informed consent and understood the nature and implications of the study. Sample collection for this study was approved by The Royal Marsden (London, UK) Research Ethics Committee (REC 04/Q0801/6) and by The Royal Marsden Committee for Clinical Research. Patients were defined as responders to abiraterone and prednisolone if a more than 50% decline in PSA from baseline was demonstrated after a minimum of 12 weeks of treatment or there was evidence of a radiological response as defined previously (20) . Enumeration of CTC was performed with the CellSearch (Veridex) platform.
DNA extraction and quantification
Buccal swab and FFPE DNA were extracted with the QIAamp DNA and FFPE Tissue DNA kits (Qiagen), respectively. Circulating DNA was extracted from 2 ml of plasma with the SnoMag Circulating DNA kit (Snova Biotechnologies) according to the manufacturer's protocol and quantified with the Quant-iT high-sensitivity PicoGreen double-stranded DNA Assay Kit (Invitrogen).
Deep sequencing
Amplicon coordinates are listed in table S11. We used 6 ng of circulating DNA to generate libraries with the Ion AmpliSeq library preparation kit v2.0 (Life Technologies), according to the manufacturer's protocol. Libraries were sequenced on the PGM Ion Torrent (Life Technologies) with a PGM 200 sequencing kit v2 and 318 Chip v2. A maximum of eight libraries were pooled to achieve at least 1000× coverage per target amplicon.
Sequencing data analysis, tumor content, and clonality Genotypes of study SNPs were determined from the germ-line samples to compile the list of informative SNPs for each patient (SNPs where the individual has heterozygous calls). Point mutations for tumor samples were identified by applying strict filtering procedures on coverage, allelic fraction, and genomic position. Validation was performed by digital PCR (described in Supplementary Materials and Methods). Tumor content and clonality for all tumor samples were estimated with an ad hoc procedure to specifically deal with target sequencing data from low tumor content samples integrated with the CLONET framework developed by our group at the University of Trento, Italy (36) . Details are reported in Supplementary Materials and Methods.
Somatic copy number aberration detection For 21q, 8p, and 10q genomic regions, CLONET estimates were used to identify monoallelic losses. Confidence and error estimates were computed using simulated data. In addition, we developed an ad hoc readdepth method to assess the copy number state of the genes of interest represented on the targeted sequencing assay. Data preprocessing identified the set of amplicons with favorable signal-to-noise ratios across all patients' germ-line data. We then used selected amplicons to compute the log 2 ratio between normalized tumor amplicon signal and normalized germ-line amplicon signal for each gene. Normalization was samplebased and used a subset of assay genes as reference. Details are discussed in Supplementary Materials and Methods.
Luciferase reporter assays
We constructed a PSA-ARE3-luc luciferase reporter plasmid that was cotransfected with a human AR expression plasmid, F527-AR [wild type or L702H; mutation confirmed by sequencing (Beckman Coulter Genomics)] into PC-3 cells as described previously (24) . Luciferase activity was determined by adding ONE-Glo (Promega) and measuring luminescence on a TopCount plate reader (PerkinElmer).
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